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Abstract
The recent suggestion that dramatic changes may occur in the lifetime of alpha and beta decay
when the activity, in a pure metal host, is cooled to a few Kelvin, is examined in the light of
published low temperature nuclear orientation (LTNO) experiments, with emphasis here on alpha
decay. In LTNO observations are made of the anisotropy of radioactive emissions with respect to
an axis of orientation. Correction of data for decay of metallic samples held at temperatures at and
below 1 Kelvin for periods of days and longer has been a routine element of LTNO experiments
for many years. No evidence for any change of half life on cooling, with an upper level of less than
1%, has been found, in striking contrast to the predicted changes, for alpha decay, of several orders
of magnitude. The proposal that such dramatic changes might alleviate problems of disposal of
long-lived radioactive waste is shown to be unrealistic.
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I. INTRODUCTION
In a recent paper evidence was presented which led to the suggestion that the half-lives
of alpha emitters, particularly those of lower decay energy, would be strikingly reduced if
the activity was in a metallic environment and cooled to temperatures of a few Kelvin as
compared to ‘normal’ decay in insulating materials at room temperature [1]. The authors
surmised that, through the influence of the conduction, ‘valence’ or ‘free’, electron potential
near the nucleus, the alpha decay barrier would be effectively lowered and thus cooling of
long-lived radioactive waste might lead to their much more rapid decay and safe disposal. No
experimental evidence was offered in support of these suggestions. It is the objective of this
paper to report aspects of already published experiments of significance to these suggestions,
clearly indicating that the predictions are far from experimental reality. The experiments
concern the decay of relatively long lived 224Rn, 225Ra and 227Ac and and their daughter
decay chains implanted in an iron metal foil and studied at temperatures down to below 20
millikelvin. The original objectives of this work were to study the polarization of the decaying
isotopes through measurement of the angular properties of their emissions - the method of
low temperature nuclear orientation - leading to results on the hyperfine interactions of the
isotopes involved, their magnetic dipole moments and the magnetic hyperfine fields they
experienced as implants in the ferromagnetic iron lattice [3, 4, 5]. However the results throw
direct light upon the suggestions made by Kettner et al in Ref. [1]. Brief mention of evidence
from experiments involving beta decay is made in the discussion.
This paper presents experimental evidence only, without comment on the theoretical
considerations on which the proposals of Ref. [1] were based. We note however that (a)
serious objections to the underlying ideas on the effect of screening on barrier penetration
at low temperatures have been raised elsewhere [2] and (b) that the suggestion that cooling
to low temperatures might be worthwhile depends upon treating conduction electrons as
classical gas with mean energy proportional to temperature T.
2
II. BASIC IDEAS OF THE PROPOSED DECAY ENHANCEMENT MECHA-
NISM AND SPECIFIC PREDICTIONS
From Ref. [1] the enhancement of the decay rate is associated with the presence around
the decaying nucleus of a screening charge, due to free electrons, which reduces the barrier
height by the screening energy UD. According to this scenario, the reduction enhances
the rate of alpha tunneling through the barrier to separate from its parent nucleus, thus
reducing the lifetime. An expression is given for UD in terms of the charges of the alpha
particle Zα and the daughter nucleus Zt, the temperature of the lattice electrons and a
parameter Ue(d+d) which relates to a d+ d fusion reaction in a metal:
UD = ZαZtUe(d+ d)T1/2 (1)
where T is the absolute temperature of the metal in which the decay takes place. A ’typical’
value of Ue(d+d) is given to be 300 eV at 290 Kelvin. The temperature dependence arises
from taking the Drude model for the ’quasi-free’ valence electrons as having an (average)
kinetic energy of 0.5 kT. Based on this expression it is suggested that by cooling the activity
in a metal sample, the half-life of 210Po can be reduced from 138 d to 0.5 d and of 226Ra from
1600 y to 1.3 y, in each case through a reduction of the effective barrier potential by about
420 keV (see Table I and Ref. [1]). Were these ideas to be correct, the lifetime reduction
estimates given in Ref. [1] can be quantitatively confirmed, without detailed calculation, by
taking the systematic half-lives of allowed alpha emitters versus decay energy (see e.g. [6])
TABLE I: Predicted alpha decay lifetime reductions and alpha fraction changes
based upon Ref 1
Parent Normal alpha Alpha Normal U(D) halflife predicted alpha predicted
Nucleus decay halflife Energy fraction (keV) reduction fraction decay halflife
at 290 K * (keV) (%) at 290 K factor at 1K (%) at 1K ** (%) at 1K ***
A=224 decay chain, headed by alpha emitter 224Ra
224Ra 3.66 d 5686 94 898 6.3 x 104 4.7 s
5449 5.5 898 1.3 x 105
220Rn 55.6 s 6228 100 878 1.2 x 104 4.7 ms
216Po 0.15 s 6779 100 857 2.7 x 103 55 x 10−6 s
212Bi 60.6 m 6090 27.2 847 1.2 x 104 26 0.82 s
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TABLE I: (continued)
Parent Normal alpha Alpha Normal U(D) halflife predicted alpha predicted
Nucleus decay halflife Energy fraction (keV) reduction fraction decay halflife
at 290 K * (keV) (%) at 290 K factor at 1K (%) at 1K ** (%) at 1K ***
6051 69.9 847 1.3 x 104 74
predicted missing transitions if enhanced alpha decay of 212Bi weakens beta decay branch
212Po 0.30 x 10−6 8784 100 not seen if beta decay of 212Bi ceases 0
A=225 decay chain, headed by 225Ra >99% alpha <1 x 104% alpha T(1/2) 14.8 d
225Ac 10.0 d 5830 50.7 889 3.8 x 104 46 20.6 s
5794 24.3 889 4.3 x 104 25
5732 10.1 889 5.0 x 104 12
5637 4.4 889 6.5 x 104 7
221Fr 4.8 m 6341 83.4 867 7.7 x 103 77 34 ms
6126 15.1 867 1.3 x 104 23
217At 32.3 ms 7067 99.9 867 1.8 x 103 100 18 x 10−6 s
213Po 4 x 10−6 s 8375 99.9 857 3.3 x 102 100 1.2 x 10−8 s
predicted additional transitions via enhanced alpha decay of 225Ra
225Ra >4 x 104y 4950 not seen 898 5.0 x 105 30% of all 28 d
221Rn 125 m 6035 strongest 878 2.0 x 104 strongest 0.38 s
217Po <10s 6537 >95 857 4.4 x 103 100 < 2 ms
predicted additional transitions via enhanced alpha decay of 213Bi
213Bi 38 h 5869 93 847 2.1 x 104 85 5.9s
5549 7 847 4.8 x 104 15
A=227 decay chain headed by 227Ac , normal decay; 98.6% beta, 1.4% alpha, T(1/2) 21.8 y
227Th 18.72 d 6038 24.5 918 3.2 x 104 19.7 40.7 s
100% alpha 5978 23.4 918 3.5 x 104 20.5
5756 20.3 918 6.8 x 104 34.7
5713 4.9 918 7.6 x 104 9.3
5709 8.2 918 7.6 x 104 15.6
223Ra 11.44 d 5748 9.1 898 5.4 x 104 7 14.0 s
100% alpha 5717 53.7 898 6.1 x 104 46.7
5608 26 898 7.9 x 104 29.1
5540 9.1 898 9.9 x 104 12.7
5434 2.3 898 13.5 x 104 4.4
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TABLE I: (continued)
Parent Normal alpha Alpha Normal U(D) halflife predicted alpha predicted
Nucleus decay halflife Energy fraction (keV) reduction fraction decay halflife
at 290 K * (keV) (%) at 290 K factor at 1K (%) at 1K ** (%) at 1K ***
219Rn 4 s 6819 81 878 3.1 x 103 62.9 1.1 ms
100% alpha 6553 11.5 878 5.3 x 103 16.6
6424 7.5 878 7.2 x 103 14.7
215Po 1.8 ms 7386 100 857 1.0 x 103 100 1.8 x 10−6 s
211Bi 2.15 m 6623 84 847 3.3 x 103 71 33 ms
6279 16 847 7.1 x 103 29
predicted additional transitions via enhanced alpha decay of 227Ac
227Ac 21.77 y 4950 47 889 5.7 x 105 45.4 1.00 d
4938 40 889 5.7 x 105 38.8
4870 6.1 889 7.5 x 105 7.8
4853 3.7 889 7.5 x 105 4.7
223Fr 21.8 m 5340 strongest 867 1.3 x 105 100 3.4 m
219At 0.9 m 6275 strongest 867 4.0 x 103 100 13.5 ms
* allowing for beta decay branching
** after renormalisation of alpha branching
***neglecting any change in beta half-life
to obtain d(T1/2)/dEα as a function of the alpha particle decay energy, Eα. This simple
approach is valid as the half-life adjustment relates to the barrier penetration factor, not
to the pre-formation of the alpha particle within the parent nucleus. This method, with
estimates of UD from Eqn. 1, has been used to obtain other estimated half-life reductions,
as given in Table I, for the principal alpha decay transitions involved in the three isotope
chains relevant to this paper.
A. Predicted behaviour of cooled alpha active sources implanted into iron
The decay chains of the three implanted isotopes listed above are shown in Figs. 1,2 and
3 and details of the lifetimes and stronger alpha decay transitions in each decay are given
in Table I. The consequences of the predicted half-life changes are qualitatively different for
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the three chains as outlined below.
The implanted isotope, 224Ra is an alpha emitter (3.66 d) which is predicted to decay
in less than 15 s if cooled to 1 Kelvin. The three prominent alpha transitions at 5686 keV
(224Ra), 6288 keV (220Rn) and 6779 keV (216Po) should thus vanish within ∼15 s, leaving
only the (temporarily increased) 212Pb activity and its daughters present in the source, with
alpha transitions at 6090- and 6051 keV, which decay with a 10.6 h half-life replacing the
normal 3.66 d.
The case of the A=225 chain is somewhat different. 225Ra decays by beta decay to 225Ac
with no alpha branch. 225Ac, with ‘normal’ half-life 10.0 d then initiates an alpha decay
sequence to 213Bi. Thus on cooling the prediction is that the 225Ac activity, and that of its
immediate daughters, should show a strong initial increase which disappears very rapidly,
within about a minute at 1 Kelvin, to settle back to its initial value, in equilibrium with the
decay of 225Ra, with the 14.8 d half-life. The 213Bi activity will show a short term strong
increase, which then decays with close to its ’normal’ half-life of 45.6 m before also coming to
equilibrium at a level equal to the initial value prior to cooling from room temperature and
then decaying with a 14.8 d half-life. After the experiment at low temperature, when the
sample is returned to room temperature, the activities should first fall then recover slowly to
their their initial pre-cool down values, lowered only through the decay of the 225Ra parent
during the cold period. This recovery however has the time constant of the 10.0 d 225Ac
half-life and so takes about three weeks.
For the 227Ac chain the decay is normally headed by dominant (98.6%) beta transition to
227Th followed by the strong alpha sequence 227Th – 223Ra – 219Rn – 215Po – 211Pb. There
is a weak (1.4%) branch decay via the 5043 keV alpha decay of 227Ac to 223Fr, which then
returns to the main sequence through (99%) beta decay of 223Fr to 223Ra. A second weak
(0.005%) alpha branch (Eα ∼ 5300 keV) exists from
223Fr to 219At which then decays further
by dominant alpha decay to 215Bi. Taking the estimated half-life changes from Table I alters
this sequence fundamentally. The branching ratio β−/α for 227Ac is altered from 70 to 1.5 x
10−4 so decay to 223Fr should become dominant. Furthermore the subsequent decay of 223Fr
also becomes dominated by alpha decay (86%) with beta decay reduced to 14%. Thus, as
the sample is cooled, not only should the total activity show marked increase but very strong
feeding of 219At and 215Bi should be observed before the source loses activity with a half life
of 1 day, rather than the normal 21.8 years. A secondary prediction is that the alpha decay
6
FIG. 1: A=224 decay chain; 212Po transition predicted to weaken.
fine structure observed in the decays of 227Th and 219Rn will be altered, with the higher
energy alpha transitions becoming weaker relative to the lower energy transitions. Thus the
predictions in Table 1 would suggest a doubling of the intensity of the 5756 keV transition
in the decay of 227Th compared to the 6038 keV transition. In 223Ra the relative intensity of
the 5434 keV alpha branch should increase from 2.3% to 4.4% whilst the 5717 keV branch
is predicted to weaken from 54% to 47%. These combined changes would seriously modify
the appearance of the spectral region between 5300 and 6100 keV. Whilst the predicted
changes given in Table I may not be fully quantitative in any individual case, even if they
can be taken only to a factor of 10 or 100 they indicate the dramatic consequences that can
be expected, were the ideas suggested in Ref. [1] to hold to any appreciable degree.
III. IMPLANTED METALLIC SAMPLE PREPARATION FOR ALPHA
ANISOTROPY EXPERIMENTS.
All three alpha active samples were prepared at the ISOLDE isotope separator facility,
CERN, where the parent activities were implanted at 60 keV into prepared 99.999% pure
iron foils. Experience of implantation of a wide range of elements has shown that the
implantation energy, 60 keV, is amply sufficient to allow the implanted ions to penetrate
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FIG. 2: A=225 decay chain with additional possible transitions if alpha decay enhancement were
strong in 225Ra or 213Bi.
the omnipresent thin oxide layer on the foil surface and come to rest in undisturbed pure
iron. Estimates based on calculated projected ranges [7] show that an ion with a nucleus of
mass ∼200 accelerated through 60 keV will penetrate ∼14nm, or about 75 atomic layers in
iron. Allowing for an oxide layer of approximately 5 nm [8] the average depth of the initially
implanted alpha emitters is ∼45 atomic layers of pure iron. In samples where there is an
alpha decay cascade, recoil following alpha emission alters the initial depth distribution. The
∼100 keV nuclear recoil energy can cause ejection of the daughter from the sample, but,
on average, the mean implant depth of those nuclei remaining in the pure iron, about 75%
of the initial quantity after a three-stage cascade, is increased considerably compared with
the initial depth [9]. Many experiments have demonstrated that this implantation energy
is adequate to describe the environment of the implants as fully typical of the metal. In
the context of low temperature nuclear orientation the best evidence comes from the fact
that Nuclear Magnetic Resonance (NMR) of the implants has been observed at the same
frequencies in implanted samples as in samples prepared by thermal diffusion to depths of
∼1 micron [10].
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FIG. 3: A=227 decay chain with additional possible transitions if alpha decay enhancement were
strong in 227Ac.

















FIG. 4: A=224 decay chain: 212Bi 727 keV gamma transition anisotropy vs inverse temperature.
IV. EXPERIMENTAL EVIDENCE OF THE ABSENCE OF ALPHA ACTIVITY
HALF-LIVE CHANGES BETWEEN ROOM TEMPERATURE AND TEMPERA-
TURES OF 1 KELVIN AND BELOW.
After implantation the samples were taken to Oxford where they were stored at room
temperature and studied by the low temperature nuclear orientation method over periods
of up to several months. The LTNO method involves measuring the anisotropy of decay
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FIG. 5: A=225 decay chain: 213Bi 292 keV gamma transition axial and equatorial anisotropy vs
inverse temperature.
products from an oriented sample of the activity under study. Appropriate detectors are
placed at fixed angles (θ) to the orientation axis, defined by the direction of magnetisation
of the iron foil. The anisotropy, as a function of θ, is then the ratio of the counting rate
when the sample is oriented at millikelvin temperatures to that when it is unoriented ‘warm’
that is at 1 Kelvin ot above. To evaluate this ratio counting rates must ne adjusted to a
common time, e.g. corrected for the decay of the source. Such correction is fundamental
to these measurements. Both alpha and gamma activity was monitored, initially at room
temperature and as the dilution refrigerator was cooled to 4 Kelvin. The main ’warm’ counts
are taken close to 1 Kelvin, at the start and finish of the experiment and sometimes also
when the sample was warmed back to 1 Kelvin during the course of a long [several day]
experiment. It is a basic factor of these experiments that the ‘warm’ counts must behave
correctly, that is they must exhibit the expected decay half-life so that ’warm’ counts taken
early and late during the course of the experiment, agree after source decay is taken into
account. A further feature of the experiments is that, in these samples which contain a chain
of isotopes, not all isotopes will become oriented (if they have spin 0 or 1
2
or if their hyperfine
interaction is insufficiently strong). Radiations from such unoriented isotopes constitute a
further record of the simple decay of the source.
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FIG. 6: Room temperature spectrum of A=227 chain alpha decay
A. The 224Ra sample
The prediction for this sample is that all alpha half-lives are greatly reduced. This
should lead to an increase in the activity of 10.6 h beta emitter 212Pb. The source would
then decay with the 10.6 h half-life with only 212Bi alpha transitions present. Nothing like
this was observed. The source was measured at room temperature and below for several days
and all count rates followed the ’normal’ half-life of 224Ra, 3.66 d, to within experimental
error of, at worst, one percent. Fig. 4 shows measured anisotropies of the 727 keV transition
in the decay of 212Bi. These measurements required the sample to be below 1 K for close
to 24 h. Correction for source decay was made using the normal half-life of 224Ra and the
data yielded the nuclear magnetic dipole moment of 212Bi as 0.41(5) nm [3] in reasonable
agreement with a more recent laser-based measurement of 0.32(4) nm [11].
B. The 225Ra sample
The prediction here is of a sudden burst of 225Ac activity as the isotope concentration
initially present in the sample in temporal equilibrium with the beta decay of 14.8 day
225Ra is released with a much shorter half-life. This burst will slow (and may not even be
observed as it takes a short time) and the decay rate will return to its initial level equal
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FIG. 7: A=227 decay chain: Alpha spectra in two detectors, right-hand panels at 1 Kelvin, left-
hand panels at ∼10 millikelvin. For more detail see text.
to the feeding rate from 225Ra. All daughter alpha activities should show the same short-
term burst, as if a dam had broken. As the sample is returned to room temperature there
should be a much longer lasting reduction in observed decay of 225Ac and its daughters as
the half-life of 225Ac returns to its ’normal’ value [the dam is refilled], with the decay rate
again eventually returning to equal the 225Ra feeding rate. To the experimental precision
of a fraction of one percent, no change from the ‘normal’ decay, determined by the half-life
of 225Ra at all times and temperatures, was observed in a series of experiments extending
over more than two months during which the sample was at temperatures below 4 Kelvin
for more than ten days in total. Anisotropies were observed in the alpha transitions from
225Ac, from both alpha and gamma transitions from 221Fr and from the alpha decay of 217At,
all precursors of the decay of 213Bi [4]. Data from the 292 keV gamma transition following
alpha decay of 213Bi are shown in Fig. 5. The figure shows changes in observed gamma count
rates in detectors placed along the axis of orientation (axial) and normal to it (equatorial).
The point of showing these details is that in the axial detector the count rate falls and
in the equatorial it increases. Only if count rate adjustments for decay whilst these data
were taken, which took more than one day, were made correctly, would the constancy at
saturation of the anisotropies at the lowest temperatures (highest 1/T) that the data must
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show, be found. Again the use of normal half-life correction is shown by the experiment to
be fully justified. The magnetic moment extracted from these data for 213Bi, 3.89(9) nm [3]
is in good agreement with a later laser value of 3.716(7) nm [11].
C. The 227Ac sample
As discussed above, the full prediction for this decay chain involves major changes as
the relative half-lives of competing beta and alpha decay modes are radically altered. These
should be reflected in changes in the observed alpha and gamma spectra, not only by changes
in rates, but also by the introduction of previously absent activities 223Fr and 219At. There
should also be marked changes in the relative size of the several fine structure components
of the more complex alpha decays in this source. Figs. 6 and 7 show alpha spectra taken
with this sample using detectors which would operate at both room temperature and down
to 1 Kelvin, during an experiment carried out some three months after the sample was
implanted. Fig. 6 shows the spectrum taken with a detector at room temperature. The
main alpha transitions are indicated on the figure. Fig. 7 shows the alpha spectra in two
detectors the upper and lower right-hand panels being at 1 Kelvin and the left-hand panels
at about 10 millikelvin. For different reasons the isotopes 227Th (I=1/2), 223Ra (weak
hyperfine interaction), and 215Po (very short half-life) do not show appreciable polarization
at the temperatures reached, thus their relative alpha transition decay rates should not
change and the alpha spectra retain their (partially resolved) peak shapes. However the
211Bi nuclei exhibit very strong polarization and the alpha decay rates from this isotope show
marked variations from those observed at room temperature and at 1 Kelvin when cooled to
millikelvin temperatures. 219Rn transitions show smaller degree of orientation, less obvious
without detailed analysis. First inspection of the spectra suggest that the alpha transitions
from 227Th, 223Ra, 219Rn and 215Po indeed show little change in relative intensity when the
temperature is lowered. This is most clearly seen by the maintained shape of the multiplet
between 5300-5800 keV and the doublet at 6000 keV. Detailed analysis including careful
lineshape fitting confirmed close to zero change in the alpha intensities in all transitions
from these isotopes, with accuracy better than 1%, after decay correction [which is in this
case small] using the normal 227Ac parent half-life of 21.8 y. No evidence for additional alpha



















FIG. 8: A=227 decay chain: 211Bi 6623 keV alpha transitions anisotropy vs inverse temperature.
5 to 7.5 MeV. It is obvious from the figures that the 211Bi transitions show clear changes of
count rate at millikelvin temperatures. Data from the strong alpha transition from 211Bi at
6623 keV are shown in Fig. 8, for detectors placed at angles giving increase and decrease,
respectively, of count rates on cooling. The required saturation behaviour of the anisotropy
at lowest temperatures is again observed, after decay corrections are made using the normal
half life of the parent activity, giving no support to the more rapid decay expected were
the predictions of Ref. [1] to be correct. The data yielded a value for the magnetic dipole
moment of 211Bi, µ = 3.79(7) nm in excellent agreement with theoretical prediction [5].
V. DISCUSSION AND CONCLUSION
In this paper evidence has been presented concerning the prediction that introducing
alpha activities into metals and cooling them to temperatures of a few Kelvin should produce
major changes in their decay rates and the appearance of their alpha spectra. On the
evidence of completed published work, no such changes at the level of more than a fraction
of one percent have been observed, in strong contrast to the predicted changes of several
orders of magnitude. Two of the three nuclear moments deduced from these experiments
which depended upon correct source decay treatment have been confirmed by independent
subsequent measurements; the third, measured solely by this technique, agrees well with
theoretical calculation.
The emphasis in this paper has been on predictions for alpha decay, not only because
the effects suggested are so large, but also because, if confirmed they would have important
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consequences with regard to long-lived waste disposal. However the same ideas also predict
more modest changes in beta decay half lives [12]. The LTNO technique has, for more
than forty years, studied radioactive samples cooled to sub-Kelvin temperatures. Since the
introduction of methods of cooling of metal samples to millikelvin temperatures in the early
1960’s, with activity melted, diffused and, more recently, implanted into metals, it has been
a routine element of such experiments to correct for decay in the source activity. Such
corrections have always used the ’normal’ half-life of the isotopes concerned. Many tens of
different beta-emitting isotopes have been oriented, with lifetimes ranging from many years
to a few hours and even less. The host metals used in different studies include the more
common iron, cobalt and nickel but also copper, silver, gold and many lanthanides. No
evidence for any deviation from the ‘normal’ lifetime for these isotopes has been reported
by the many research groups involved in this work (for comprehensive listing see [13] and
references therein). This places a firm upper limit on any lifetime changes associated with
cooled activities in pure metals at well below 1%.
One may thus conclude that the suggestion of alleviating problems associated with the
disposal of long-lived radioactive waste by cooling in pure metals is unrealistic. Concerns
expressed in Ref. [1] regarding the reliability of other less topical but scientifically equally
important situations where reliance is placed upon the use of ‘normal’ half-lives in a metallic
environment, are also misplaced.
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